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-Hyperthermia-induced hyperventilation has been proposed to be a human thermolytic thermoregulatory response and to contribute to the disproportionate increase in exercise ventilation (V E) relative to metabolic needs during highintensity exercise. In this study it was hypothesized that V E would adapt similar to human eccrine sweating (Ė SW) following a passive heat acclimation (HA). All participants performed an incremental exercise test on a cycle ergometer from rest to exhaustion before and after a 10-day passive exposure for 2 h/day to either 50°C and 20% relative humidity (RH) (n ϭ 8, Acclimation group) or 24°C and 32% RH (n ϭ 4, Control group). Attainment of HA was confirmed by a significant decrease (P ϭ 0.025) of the esophageal temperature (T es) threshold for the onset of Ė SW and a significantly elevated Ė SW (P Յ 0.040) during the post-HA exercise tests. HA also gave a significant decrease in resting T es (P ϭ 0.006) and a significant increase in plasma volume (P ϭ 0.005). Ventilatory adaptations during exercise tests following HA included significantly decreased T es thresholds (P Յ 0.005) for the onset of increases in the ventilatory equivalents for O 2 (V E/V O2) and CO2 (V E/V CO2) and a significantly increased V E (P Յ 0.017) at all levels of Tes. Elevated V E was a function of a significantly greater tidal volume (P ϭ 0.003) at lower T es and of breathing frequency (P Յ 0.005) at higher T es. Following HA, the ventilatory threshold was uninfluenced and the relationships between V O2 and either V E/V O2 or V E/V CO2 did not explain the resulting hyperventilation. In conclusion, the results support that exercise V E following passive HA responds similarly to Ė SW, and the mechanism accounting for this adaptation is independent of changes of the ventilatory threshold or relationships between V O2 with each of V E/V O2 and V E/V CO2. eccrine sweating; skin temperatures; plasma volume; ventilatory equivalents HUMAN PULMONARY VENTILATION V E increases linearly with oxygen consumption up to ϳ70 -85% of an individual's maximal attainable work rate. At higher exercise intensities V E increases more rapidly than metabolic rate (7, 13) . The mechanism(s) accounting for increased exercise V E is/are unresolved, and increased neural drive (13) , plasma potassium, and norepinephrine have been identified (24) as potential modulators of this exercise response. Additionally, this disproportionate increase in V E has been suggested to result from metabolic acidosis and excess carbon dioxide production via the buffering of lactic acid by plasma bicarbonate at high exercise intensities (42) .
Recently, buffering of lactic acid was shown not to be the sole mechanism for exercise hyperventilation (33) . A further potential stimulus hypothesized to contribute to the disproportionate increase in pulmonary V E during high-intensity exercise is a rise in core temperature (T c ) (19, (45) (46) (47) .
In resting conditions, a passively induced increase of ϳ1.0 -1.5°C in T c significantly increases human V E (18, 46) . Likewise, a superimposed hyperthermia during prolonged low (11) or moderate (19, 31) intensity exercise produces a hyperventilation relative to the exercise-induced increase in V E. At higher intensities during incremental tests from rest to exhaustion, there is a distinct T c threshold for the disproportionate increase in exercise V E (47) . This human hyperthermia-induced hyperventilation is proposed to be a thermoregulatory heat loss response (9, 47) , whereby additional ventilatory drive is thought to arise from the preoptic anterior hypothalamus (5, 27) .
Repetitive daily heat stress, sufficient to produce a significant rise in T c for ϳ2 h/day for 7 to 14 consecutive days induces heat acclimation (HA) and thermoregulatory adaptations that serve to augment the body's ability to dissipate heat during subsequent heat stresses (16, 21, 30, 43) . As reviewed by Wenger (43) , the majority of these HA studies employ an active heating protocol within a hot environment. The optimal duration of exercise tests for HA in these conditions is suggested to be ϳ100 min of exercise per day (25) , and numerous earlier HA studies employed daily 4-h work sessions (43, 48) . Consequently, following these active HA protocols the relationships between pulmonary V E with O 2 consumption and CO 2 production can be altered in part due to an exercise training effect (37, 40, 48) . Hence, to examine whether the relationship between exercise V E and T c is influenced by HA, a preferential protocol to employ would eliminate any potentially confounding exercise training effect while repetitively stressing the thermoregulatory system on a daily basis. To achieve this goal, a passive HA protocol with a controlled hyperthermia (16) was reasoned to allow a clear expression of any HA treatment effects on the relationship between exercise V E and T c .
The first hypothesis addressed in the study was that the increase in exercise V E above metabolic demand during incremental exercise from rest to exhaustion is, in part, a thermolytic response, then the relationship between exercise V E and T c (35) would show adaptations similar to human thermolytic responses following a passive HA that employs a controlled hyperthermia (16) . For this purpose eccrine sweating (Ė SW ) was used as a representative thermolytic thermoregulatory response, since it is known to adapt with HA. The second hypothesis addressed was that HA would not influence the ventilatory threshold or relationships between oxygen consumption (4, 28) and the ventilatory equivalents for O 2 (i.e., V E/V O 2 ) and CO 2 (i.e., V E/V CO 2 ). This hypothesis is based on the assumption that the mechanism underlying adaptations of the relationship between exercise V E and T c following HA involves efferent signals from the thermoregulatory control center in the preoptic anterior hypothalamus (5, 27) , and these would be independent of metabolic drive from the respiratory control center.
METHODS
Participants. Twelve healthy, university-aged males volunteered to participate in the study. Eight participants made up the heat Acclimation group and four participants made up the Control group. Utilizing an effect size of a 0.30 Ϯ 0.2°C (mean Ϯ SD) decrease in the T c threshold for the onset of Ė SW (16, 20) , eight volunteers provided a power of 0.95. The mean age, height, weight, and body mass index of the heat Acclimation group were, respectively, 24. Ϫ2 . There were no differences between the physical characteristics of the two groups (P Ն 0.237). All participants were nonsmokers and were asked to refrain from eating, consuming caffeine or alcohol, and performing any strenuous exercise for a minimum of 4 h prior to all testing sessions. Each participant was informed of the protocol, potential risks associated with the study, and the instrumentation being utilized. Prior to the first test day and following a minimum 24-h reflection period, each participant signed an informed consent. The Office of Research Ethics at Simon Fraser University approved this study.
Instrumentation. V E and its components were measured and recorded breath-by-breath using a metabolic cart (V max 229c; Sensormedics, Yorba Linda, CA) as described previously (11) . Each participant wore a nose clip and was fitted with a low resistance mouthpiece connected to a two-way Mass Flow Sensor (Sensormedics). The calibration of the O 2 and CO2 sensors and the mass flow sensor in the metabolic cart has been previously described (11) .
Esophageal temperature (T es) was measured using a pediatric-size thermocouple (9 French; Mallinckdrot Medical, St. Louis, MO). The thermocouple was inserted through one of the participant's nostrils into the esophagus to a depth equivalent to the level of the eighth and ninth thoracic vertebrae; this position corresponds to the level of the left ventricle (29) . Each participant sipped from a straw in a glass of water to stimulate a palatal reflex (i.e., a swallowing reflex) to facilitate the positioning of the prewarmed, flexible probe in the esophagus. On HA days, rectal temperature (T re) was measured by a thermistor (12 French; Cincinnati Sub-Zero, Cincinnati, OH) inserted 15 cm past the anal sphincter. Thermocouples and thermistors were calibrated using a temperature-regulated stirred water bath (Cenco Instruments, Chicago, IL) monitored by a platinum thermometer (Fisher Scientific, Nepean, ON, Canada). Skin temperatures (T sk) were measured on the left temple, shoulder, lower back, and thigh using T-type copper/constantan thermocouples (Omega Engineering, Stanford, CT). Mean T sk (T sk) was expressed as the unweighted mean of the four skin temperature sites.
Forehead Ė SW rate was measured using a modified version of a ventilated capsule method (8) . A headband secured a capsule [surface area (SA): 5.31 cm 2 ] to the forehead. The capsule was flushed by an anhydrous compressed air source at a rate of 1 l/min. The air initially passed through an air-tight container enclosing a resistance hygrometer (model RH201C; Omega Engineering, Stanford, CT) to verify its dryness. Subsequently, the dry air passed through the capsule on the forehead and finally through a second sealed container enclosing a capacitance hygrometer (model HMT337; Vasaila, Helsinki, Finland). The capacitance hygrometer employed is capable of accurately measuring relative humidity (RH) in near-condensing environments. The Ė SW was calculated using the following equation (8) 
, where Ḟ AIR is the flow rate of air passed through the forehead capsule, the change in RH from the first and second humidity sensor is represented by ⌬% RH, steam is the density of the saturated steam at the ambient dry bulb temperature (°C), and SA is the surface area underneath the sweat capsule.
Pulse oximetry (Masimo Radical, Irvine, CA) continuously measured heart rate (HR) from the left earlobe during all active heating protocols. To prevent movement artefacts, the pulse oximeter was attached securely to the earlobe and anchored to the shoulder with hypoallergenic tape (3M Transpore Tape; London, ON, Canada). Signal strength was assessed prior to the start of all tests. If a weak signal was observed, the oximeter was removed, adjusted, and resecured until an adequate signal was obtained.
An analog flow signal originating from the metabolic cart triggered a data acquisition system (National Instruments, Austin, TX) to collect Tes, Tsk (temple, lower back, shoulder, and thigh) and RH data breath-by-breath. The data acquisition system was controlled by LabVIEW software program (version 7.1; National Instruments, Austin, TX) on a personal computer. On the HA days, Tre was recorded every 30 s for each 2-h session using a portable data logger (MiniLogger Series 2000; Mini-Mitter, Bend, OR) controlled by a personal computer.
Arterialized capillary tube blood samples were drawn from the participant's hand after it was heated in a stirred water bath maintained at 42°C for a minimum of 10 min (15). Samples were drawn by puncturing the tip of a heated finger with a lancet (BD, Franklin Lakes, NJ) and immediately analyzed for hematocrit (Hct) and hemoglobin (Hb) concentration (6) Protocol. Figure 1 is a diagram of the study protocol. The Acclimation group performed an active heating test on an electrically braked cycle ergometer (model ER900; Erich Jaeger, Wuerzburg, Germany) before and after a 10-day passive HA, while the Control group performed the same active heating test before and after 10 days of seated rest in a temperate environment. The active heating test consisted of an incremental exercise test from rest to exhaustion, as described previously (47) . Briefly, once instrumented, the participant was seated on the cycle ergometer for a 10-min rest period followed by a 5-min warm-up. The warm-up consisted of pedaling at 40 revolutions per minute (rpm) at a power of 20 watts (W) for 2 min and then at a cadence of 70 rpm and 40 W for the remaining 3 min. Subsequently, the participant maintained 70 rpm while the power was increased by 40 W every 2 min. The termination criteria for the test was that the participant could no longer maintain a pedaling cadence of 70 rpm, had reached his age-predicted maximal HR, or had his oxygen consumption reach a plateau.
The reason for termination of the incremental exercise tests was most often a failure to maintain the ergometer workload, and in 22 of 24 of the tests oxygen consumption reached a plateau. For all 12 participants the mean maximum HR of 178.70 Ϯ 7.03 beats/min during the preintervention trial at the conclusion of the exercise test from rest to exhaustion was similar (P ϭ 0.481) to that of the corresponding maximal HR of 177.32 Ϯ 6.24 beats/min in the postintervention exercise test. In the preintervention exercise test, the level of exertion was 8.28 Ϯ 5.28% below the mean estimated maximum HR [220 Ϫ age (yr)] and a similar reduction (P ϭ 0.481) of 8.97 Ϯ 4.87% below this same predicted value was evident in the postintervention trial. In addition, the mean respiratory exchange ratio at the exhaus-tion points of the pre-and postexercise trials were 1.18 Ϯ 0.07 and 1.19 Ϯ 0.06 (P ϭ 0.596).
Each participant was dressed in either cotton or synthetic shorts and T-shirt and was instrumented while sitting on the cycle ergometer. The pre-10-day heat Acclimation and pre-10-day Control groups intervention exercise tests were performed on the second visit to the lab and postacclimation and control intervention exercise tests were performed a maximum of 1 day after the conclusion of hyperthermic test or normothermic control interventions. For the Acclimation group, the preacclimation conditions consisted of a mean dry-bulb temperature of 24.17 Ϯ 0.85°C and RH of 29.42 Ϯ 6.54%. These were not significantly different than the dry-bulb temperature of 23.78 Ϯ 1.04°C (P ϭ 0.458) and the RH of 29.72 Ϯ 4.42% (P ϭ 0.250) in which the postacclimation tests were performed. Similarly, pre-and postintervention dry-bulb temperature for the Control group was 23.80 Ϯ 0.16°C and 24.20 Ϯ 0.42 (P ϭ 0.722), respectively, and the corresponding RH were 29.94 Ϯ 5.11 and 33.50 Ϯ 6.32 (P ϭ 0.562).
The HA protocol employed was a modification of that employed by Fox et al. (16) . It consisted of 10 consecutive days of controlled passive hyperthermia in the climate chamber maintained at 50°C and 20% RH. Each participant was dressed in shorts, T-shirt, and running shoes, was instrumented for T re, and donned a vapor-impermeable rain suit consisting of a jacket with a hood and overall style pants. The arms and legs of the suit were sealed at the wrist and ankles and the participant wore a pair of fleece gloves to minimize heat loss and maximize heat gain. HA sessions started with 5 min of sitting rest outside the climatic chamber at an ambient temperature of ϳ24°C. Subsequently, each participant was seated and relaxed in the climatic chamber for 120 min/day while reading or listening to music. Throughout each acclimation session, T re was raised to ϳ38.5°C, typically within the first hour, and then maintained between 38.5 and 39.0°C (Fig. 2A) . The T re was maintained by removing/ adding portions of the vapor-impermeable rain suit and/or turning on/off a small personal fan so to vary the amount of evaporative heat loss. The Control group followed the same protocol as the Acclimation group, but did not wear a water vapor-barrier suit and were exposed daily to the temperate conditions given above. As a result, T re was maintained normothermic throughout the 2-h seated rest within the climatic chamber (Fig. 2B) . Water was available ad libitum during all testing sessions.
Blood samples, used to assess PV changes within the Acclimation group, were drawn prior to instrumentation on days 1 and 10 of the HA protocol.
All participants had been living in the temperate environment of Vancouver, BC, Canada for a minimum of 3 mo prior to the study. This measure was employed to prevent the inclusion of any heat-acclimated participants. Additionally, no participant partook in any regular sauna or hot water bathing. As aerobic training may induce some degree of HA (2), participants were directed to maintain the same level of physical activity during participation in the study. Finally, as human thermoregulatory adaptations occurring with daily intermittent, repetitive heat exposures are fixed to the time of day of the heat exposure (39), all preand postacclimation active heating trials and HA sessions were performed each day within the same 2-h time span. The Control group followed the same protocol and performed the pre-and postactive heating trials during the same 2-h period in which they rested for their normothermic intervention. Statistical analyses. Exercise V E and its associated parameters, along with Ė SW and T sk were analyzed using a two-way repeatedmeasures ANOVA using factors of Hyperthermic State (Tes levels: 37.40, 37.60, 37.80, 38.00, and 38.20°C) and Acclimation State (levels: pre and post). Additionally, V O2 was analyzed using a twoway repeated-measures ANOVA with the factors of Exercise Duration (time levels: rest, 15, 20, and 26 min) and Acclimation State (levels: pre and post), while V E and the ventilatory equivalents for O2
(V E/V O2) and CO2 (V E/V CO2) were analyzed via a two-way repeatedmeasures ANOVA using the factors of V O2 (levels: Rest, 0.80, 1.30, 1.80, 2.3, and 2.8 l/min) and Acclimation State (levels: pre and post). The V O2 at which the first ventilatory threshold occurred was also determined using the V-slope method (4). Ė SW. V E/V O2, and V E/V CO2 as well as breathing frequency (f) and tidal volume (VT) were plotted as a function of Tes (35, 46) . From these plots, thresholds or plateau points were determined using a piecewise linear regression algorithm (41) written in LabVIEW software (version 7.1; National Instruments, Austin, TX). To assess the sensitivity of the Ė SW response, a monoexpo- SW(ss) is the estimated maximal steady-state Ė SW, "delay" is the increase in Tes prior to sweating onset; and tau () is the change in Tes when Ė SW (Tes) reaches 63.2% of Ė SW(ss). Ė SW(ss) was used to estimate the maximum Ė SW before and after HA and the calculated from the fitted monoexponential function was used to represent the sensitivity of the Ė SW. Whereby, a smaller would reflect an increased Ė SW sensitivity. Sensitivities of V E/V O2, V E/V CO2, VT, and f to increases in Tes, after surpassing their respective Tes thresholds, were calculated as the slope of a second linear regression within the piecewise linear regression algorithm (41) .
For the repeated-measures ANOVA analyses, the GreenhouseGeisser correction was employed when the assumption of sphericity was violated and pre-to post-HA post hoc comparisons for the outcome variables were performed using correlated t-tests. The alpha level was set a priori at 0.05 for all tests. Statistical analyses were performed with SPSS version 15.0 (SPSS, Chicago, IL).
RESULTS
Acclimation group. Following HA, the resting T es of 37.32 Ϯ 0.14°C was significantly lower (P ϭ 0.006) than the mean preacclimation value of 37.57 Ϯ 0.23°C. In contrast, the Table 2 
. Pre-and postintervention individual and means (ϮSD) of the T es thresholds (°C) and sensitivities for the ventilatory equivalents for V O 2 and V CO 2 (centiliters/°C), tidal volume (V T ; liters/°C), and breathing frequency (f; breaths
⅐ min Ϫ1 ⅐°C Ϫ1
) to increases in T es during the incremental exercise tests from Rest to Exhaustion for the Acclimation and Control groups
Preintervention Postintervention Individual pre-and postacclimation T es thresholds for the initiation of Ė SW along with Ė SW sensitivity (i.e., ) and the estimated ⌬Ė SW (ss) output (from monoexponential function) are shown in Table 1 . The mean postacclimation T es threshold for Ė SW was significantly lower (P ϭ 0.025) than preacclimation values, whereas the pre-and postacclimation and ⌬Ė SW (ss) were not significantly different (P Ն 0.312). Figure 3 is a representative Ė SW vs. T es plot used to determine the T es threshold for the onset of Ė SW , , and ⌬Ė SW (ss). Figure 4 shows representative pre-and postacclimation plots for V E/V O 2 , V E/V CO 2 , V T , and f vs. T es used to determine T es thresholds and sensitivities. HA resulted in a significant decrease in the mean T es thresholds (Table 2) for V E/V O 2 (P Յ 0.001), V E/V CO 2 (P ϭ 0.005) and f (P ϭ 0.032), but not V T (P ϭ 0.244). The sensitivities of V E/V O 2 , V E/V CO 2 , and V T to increases in T es (Table 2) were not significantly different (P Ն 0.465) following HA, but there was a trend (P ϭ 0.088) for a lower sensitivity of f to an increase in T es during the postacclimation heating protocol. Figure 5 shows the relationship between Ė SW and T es during the pre-and postacclimation active heating trials. The Acclimation State had a significant main effect on Ė SW [F (1,7) ϭ 10.41; P ϭ 0.015] with mean Ė SW significantly higher (P Յ 0.040) at a T es of 37.4, 37.6, and 37.8°C and showing a trend (P ϭ 0.097) to be higher at a T es of 38.0°C during the postacclimation trials.
HA also significantly increased V E [F (1, 7) ϭ 70.95; P Ͻ 0.001]. At all levels of the Hyperthermic State main effect, postacclimation V E was significantly (P Յ 0.017) higher compared with preacclimation values (Fig. 6A ). In addition, there was a significant interaction between Hyperthermic State and Acclimation State for V T [F (4, 28) ϭ 3.11; P ϭ 0.024; Fig. 6B ] and a significant main effect of Acclimation State on f [F (1, 7) ϭ 72.80; P Ͻ 0.001; Fig. 6C ]. The V T was significantly higher (P ϭ 0.003) at a T es of 37.4°C, but at a T es of 38.0 and 38.2°C, V T became similar to that observed during the preacclimation trials (Fig. 5B) . On the other hand, f showed a trend (P ϭ 0.056) to be higher at a T es of 37.4°C and then became significantly higher (P Յ 0.005) at a T es of 38.0 and 38.2°C (Fig. 6C) . For the end-tidal partial pressure of carbon dioxide (PET CO 2 ) the Acclimation State main effect was not significant [F (1,7) ϭ 1.10; P ϭ 0.330], but there was a significant interaction [F (4, 28) ϭ 12.08; P ϭ 0.003; Fig. 7A ] between Hyperthermic State and Acclimation State. Postacclimation PET CO 2 was significantly higher (P Յ 0.013) at a T es of 37.40 and 37.60°C, but was not significantly different (P ϭ 0.279) at a T es of 37.80°C. At the higher levels of T es (38.00 and 38.20°C) there was a trend (0.066 Յ P Յ 0.076) for PET CO 2 to be lower following HA. For the end-tidal partial pressure of oxygen (PET O 2 ) the Acclimation State main effect was significant [F (1, 7) ϭ 20.42; P ϭ 0.003; Fig. 7B ], as PET O 2 was significantly higher (P Յ 0.026) following HA at all levels of Hyperthermic State except at a T es of 37.80°C, where there was a trend (P ϭ 0.054). shows the respiratory exchange ratio was also significantly higher (P Յ 0.018) following HA at all levels of the Hyperthermic State except at 38.2°C.
Over the time course of the exercise tests from rest to exhaustion (Fig. 8A) , there was a small and significant effect of the Acclimation State on V O 2 [F (1,7) ϭ 7.10; P ϭ 0.032], and there was an interaction between Exercise Duration and Acclimation State for V O 2 [F (1,7) ϭ 3.36; P ϭ 0.038]. Oxygen consumption at rest during the postacclimation exercise trials was the same as the preacclimation V O 2 (P ϭ 0.853) but became significantly lower at 15 and 20 min (P Յ 0.044) and showed a trend to be lower at the 26-min mark (P ϭ 0.076; Fig.  8A ). HA also had a significant effect on the relationships between V E with both V O 2 (Fig. 8B) and V E/V O 2 [ Fig. 8C ; F (1,7) Ն 6.479; P Յ 0.038]; V Eand V E/V O 2 were both significantly higher (P Յ 0.043) at the highest levels of V O 2 . Contrarily, the Acclimation State did not have a significant effect on the relationship between V E/V CO 2 and V O 2 [F (1,7) ϭ 0.025; P ϭ 0.878; Fig. 8D ]. Finally, the mean postacclimation V O 2 thresholds for the increases in V E/V O 2 and V E/V CO 2 of 2.27 Ϯ 0.51 and 2.68 Ϯ 0.32 l/min were not significantly different (P Ն 0.286) than the preacclimation thresholds of 2.49 Ϯ 0.33 and 2.71 Ϯ 0.33 l/min. Similarly, the postacclimation ventilatory threshold occurred at a V O 2 of 1.79 Ϯ 0.40 l/min, which was not significantly different (P ϭ 0.642) than the preacclimation ventilatory threshold of 1.87 Ϯ 0.39 l/min. Figure 8 , E and F shows, for one representative participant, plots of V E/ V O 2 and V E/V CO 2 as a function of V O 2 . These plots were used to determine the V O 2 thresholds.
Control group. Following the 10-day seated rest in the temperate conditions in the climatic chamber, resting T es was 36.81 Ϯ 0.14°C. Unlike the Acclimation group, this was not significantly different (P ϭ 0.466) than the resting T es of 36.66 Ϯ 0.36°C observed prior to the 10-day intervention. The postclimate chamber Control group resting T sk of 33.37 Ϯ 0.29°C was not significantly different (P ϭ 0.233) than the preclimate Control group resting T sk of 32.84 Ϯ 0.60°C.
For the Control group, the T es threshold for Ė SW (P ϭ 0.166) as well as Ė SW sensitivity and ⌬Ė SW (ss) were not different (P ϭ 0.177) between the pre-and postclimatic chamber control treatments ( Table 1 ). The T es thresholds for V E/V O 2 and V E/ V CO 2 , and f as well as the plateau point in V T following the 10 days of rest within the temperate environment (Table 2) were not significantly different from the respective preintervention data. Finally, there was no difference (P Ն 0.115) in the sensitivity of V E/V O 2 , V E/V CO 2 , V T , and f between the pre-and postclimate chamber rest sessions for the Control group.
DISCUSSION
To the best of our knowledge this study demonstrates for the first time that passive HA alters the relationship between human exercise V E and T c during incremental exercise from rest to exhaustion. During the post-HA exercise sessions, hyperthermia-induced increases in V E were initiated at a lower T es . In addition, both V E and respiratory exchange ratio were greater for a given T es during the post-HA exercise tests. As evident in previous studies (2, 43) , verification of HA in the participants was provided by a significant decrease in the T es threshold by 0.22°C for the onset of Ė SW (Table 1) , a higher Ė SW for a given T es (Fig. 5) , a 0.30°C decrease in resting T es , and a ϳ20% increase in PV. Based on these thermoregulatory and hematological adaptations, participants within the Acclimation group were deemed to be successfully heat acclimated. The results were confirmed to arise from the HA treatment since the Control group, which experienced an identical treatment less the heat stress, showed no changes in the corresponding outcome variables. Accordingly, the results support our first hypothesis that exercise V E adapts to HA, as does Ė SW , a main human heat loss effector response.
The second hypothesis of the study was that HA would not influence the ventilatory threshold for V O 2 (4, 28) or the relationships between exercise V E and the ventilatory equivalents for oxygen consumption and carbon dioxide production. This follows from the rationale that this post-HA hyperventi- lation was a thermolytic thermoregulatory response arising from efferent signals originating in the preoptic anterior hypothalamus (5, 27) . The alternative possibility was that HA would influence the respiratory control center and the relationships between exercise V E, V O 2 , and V CO 2 . Following HA, the relationship between V O 2 and V E/V O 2 was marginally increased as a function of elevations of V E at high V O 2 and a reduction in V O 2 (Figs. 8, B and C) ; the proposed mechanism of this reduction in V O 2 is discussed in more detail below. There was no change in the relationship between V O 2 and V E/V CO 2 (Fig. 8D) . In addition, the mean V O 2 at which V E/V O 2 and V E/V CO 2 began to increase and at which the ventilatory threshold for V O 2 occurred were not different between the preand postacclimation trials. These results indicate the passive heating protocol provided adequate stimulation of the thermoregulatory system to produce HA, while not inducing an aerobic training effect, as there was minimal or no changes of the relationships between V E and each of V O 2 , V E/V O 2 , and V E/V CO 2 . As a consequence, the second hypothesis was accepted that HA would not influence the relationships between exercise V E and these metabolic variables.
Numerous previous studies often used moderate-to-intense exercise within a hot environment to induce HA (43) . An optimal Exercise Duration is suggested to be ϳ100 min/day (25) and in several studies, daily Exercise Durations for HA were for 4 h/day (48) . Presently, a passive heating protocol was employed (16) to remove the potential confounding exercise training effect that is a consequence of many active HA protocols (22, 37, 40, 48) . The first increase in V E/V O 2 and V E/V CO 2 expressed as a function of V O 2 during exercise from rest to exhaustion reflect the first ventilatory threshold (4, 28) . Endurance training will typically shift this ventilatory threshold to a higher metabolic rate (26) . Consequently, the observed leftward shift in the V E-to-T es relationship may have been previously obscured or minimized by a rightward shift in the V E/V O 2 vs. V O 2 and V E/V CO 2 vs. V O 2 relationships to a higher metabolic rate and, thus, potentially a higher T es . The mean post-HA decrease of V O 2 over the entire exercise protocol from rest to exhaustion, although statistically significant, was only minimally lower (ϳ0.072 l/min or ϳ4.5%; Fig. 8A ). The decrease in V O 2 is a similar decrease in metabolic rate observed in previous human HA studies (36, 49) and may be due to an increase in mechanical efficiency following HA (23) and/or a Q 10 effect (1) as a lower T es was maintained throughout the postacclimation trials. In addition, both plasma lactate/acid as well as potassium concentrations are decreased during exercise following HA (43) . This suggests a lower V E would be evident if these modulators were central to the post-HA exercise V E response. The results of the study suggest the contrary, since V E for a given T es was augmented following the intervention in the Acclimation group (Fig. 6A) but not in the Control group.
The rationale for utilizing V E/V O 2 and V E/V CO 2 in determining the T es threshold for hyperthermic hyperventilation during an incremental exercise test to exhaustion has been explained previously (47) . Briefly, since V E can be causally linked to V CO 2 , the ratio V E/V CO 2 normalizes V E to V CO 2 and any increase in this ratio during incremental exercise tests to exhaustion reflects increases in V E independent of increases of V CO 2 (44) . A similar argument may be made for V E/V O 2 . The observation that V E was higher at all levels of T es during the postacclimation trials (Fig. 6A ) would appear to indicate V E was more sensitive to increases in T es following HA. There is also the possibility a portion of the higher postacclimation V E at the lower levels of T es may have been the result of a greater CO 2 stimulus to the ventilatory system. The results, however, speak against this possibility unless CO 2 sensitivity was increased by HA. The PET CO 2 at a T es of 37.40°C was 2.16 mmHg higher and at T es of 37.60°C PET CO 2 was 1.37 mmHg higher following HA. At these two levels of T es the V E was 11.30 and 6.57 l/min greater following HA, respectively. Based on the observation by Duffin et al. (14) of a mean ventilatory sensitivity to CO 2 of ϳ3.7 l⅐ min Ϫ1 ⅐mmHg Ϫ1 , while PET O 2 is maintained at 150 mmHg, it is unlikely the higher PET CO 2 would have provided sufficient stimuli to the respiratory center to produce these large increases in V E. Additionally, V E was also significantly higher at a T es of 37.8, 38.0, and 38.2°C although postacclimation PET CO 2 was not significantly different and even tended to be lower than preacclimation levels (Fig.  7A) . It is suggested the higher postacclimation V E was a result of a greater sensitivity of the respiratory center to afferent inputs from cutaneous and/or preoptic anterior hypothalamic temperature-sensitive neurons (5, 27 ). An additional possibility is that HA gave a greater sensitivity of the central chemosensitive areas of the ventral surface of the medulla oblongata to local temperature changes (10) . Future studies are needed that focus on the mechanisms underlying this post-HA hyperventilation.
An exhaustive literature review did not uncover any studies in humans directly examining changes in V E as a function of T es following passive HA. It follows that our results are difficult to compare to other studies in the literature. Following HA, the decrease in T es at rest and at the onset of an increase in Ė SW during exercise (Tables 1 and 2 ) were similar to those observed within previous HA studies and confirmed the achievement of HA within the participants (22, 43) . The magnitude of the decrease in the T es threshold for the onset of increased Ė SW , as well as the decreased resting T es , were similar to those reported in previous HA studies (16, 20, 32, 38) . In addition, a higher Ė SW for a given T c and an increase in PV by ϳ3-27% are also typically observed with successful HA protocols (38, 43) .
Two additional adaptations occasionally used as criteria for successful HA are an increased sensitivity of the Ė SW -to-T es relationship and a higher maximal sweat production (43) . Neither of these adaptations occurred within the present study. Rather, the pre-and postacclimation mean (i.e., sensitivity) and estimated maximal ⌬Ė SW (ss) were not significantly different (Table 1 ). These observations are consistent with the literature, as changes in the Ė SW response are some of the last HA adaptations to occur (3) and an increase in Ė SW sensitivity is not consistently reported (17, 21, 34) . Patterson et al. (32) showed that a change in Ė SW sensitivity may take Ͼ 10 days when HA is performed in similar ambient conditions as those employed presently. Moreover, Nadel et al. (30) did not observe an increase in Ė SW sensitivity following HA when heat stress tests were performed within a similar environment to that employed in the present study. Finally, the appearance of an increased maximal Ė SW is dependent upon the thermal environment participants are acclimated to and hot-dry conditions such as 50°C and 20% RH produce only minor increases in sweat output (3, 43) .
In conclusion, this is the first study, to the best of our knowledge, to show that passive HA influenced exercise V E. Following HA during exercise sessions from rest to exhaustion, V E began to increase above metabolic requirements at a lower T es and was greater at a given T es . These adaptations were similar to those observed for Ė SW and are in agreement with the hypothesis that following passive HA human V E during activity-induced hyperthermia adapts similarly to Ė SW , a main human thermoregulatory heat loss response. These results support the hypothesis that the mechanism(s) underlying this augmented post-HA hyperventilation is/are independent of changes to the ventilatory threshold or changes to relationships between V O 2 and either of V E/V O 2 or V E/V CO 2 .
